Acid-sensing ion channels (ASICs) are ligand-gated cation channels activated by extracellular protons. In periphery, they contribute to sensory transmission, including that of nociception and pain. Here we characterized ASIC-like currents in dorsal horn neurons of the rat spinal cord and their functional modulation in pathological conditions. Reverse transcriptase-nested PCR and Western blotting showed that three ASIC isoforms, ASIC1a, ASIC2a, and ASIC2b, are expressed at a high level in dorsal horn neurons. Electrophysiological and pharmacological properties of the proton-gated currents suggest that homomeric ASIC1a and/or heteromeric ASIC1a ؉ 2b channels are responsible for the proton-induced currents in the majority of dorsal horn neurons. Acidification-induced action potentials in these neurons were compatible in a pH-dependent manner with the pH dependence of ASIC-like current. Furthermore, peripheral complete Freund's adjuvant-induced inflammation resulted in increased expression of both ASIC1a and ASIC2a in dorsal horn. These results support the idea that the ASICs of dorsal horn neurons participate in central sensory transmission/modulation under physiological conditions and may play important roles in inflammation-related persistent pain.
Tissue acidosis, associated with inflammation, ischemia/hypoxia, and tumorigenesis, contributes to pain sensation and hyperalgesia (1) . Recent studies demonstrate that the dorsal root ganglion (DRG) 1 neurons and neurons in the central nervous system directly respond to a reduction in external pH via the vanilloid receptor (VR1) (2) and the acid-sensing ion channels (ASICs) (3, 4) . Four genes and six major transcripts coding for ASICs have been identified (5) (6) (7) (8) (9) (10) (11) (12) . Both homomers of ASIC1a, ASIC1b, ASIC2a, and ASIC3 and heteromers of ASIC1a ϩ 2a, ASIC2a ϩ 2b, ASIC1a ϩ 3, ASIC2a ϩ 3, and ASIC2b ϩ 3 can form functional channels, each having distinct electrophysiological and pharmacological characteristics (3, 4) .
ASICs have been suggested to play important roles in physiological/pathological conditions, from sensory transmission (such as touch, taste, and nociception) (13) (14) (15) (16) (17) to behavioral memory, retinal function, seizure, and ischemia (18 -22) . In particular, increased expression of ASIC1a, ASIC2b, and ASIC3 in the DRG was detected after peripheral inflammation (23) . The increased ASIC expression may contribute to the enhanced excitability of the DRG neuron after inflammation (24) . The roles of ASICs in nociception, however, are not limited to the DRG cells (25) . The dorsal horn of spinal cord, the first central site for integration, relay, and modulation of nociceptive information, is an important area to investigate. For example, transcripts of ASICs have been localized to the spinal cord (10, 26) , and acid-activated currents have been detected in cultured spinal ventral horn neurons (27) . However, less is known about the molecular identity and functional roles of ASICs in spinal dorsal horn neurons.
In the present study, we have investigated the functional and biochemical properties of ASICs in dorsal horn neurons of the rat spinal cord by using conventional whole-cell patch clamp electrophysiology, reverse transcriptase (RT)-nested PCR, and Western blotting techniques. Comparison of the properties with those of cloned ASIC channels suggests that homomeric ASIC1a and/or heteromeric ASIC1a ϩ 2b channels are responsible for the proton-induced currents in the majority of dorsal horn neurons. Acidification-induced action potentials in these neurons, as well as the increased expression of the spinal ASICs by periphery inflammation, suggests the physiological involvement of ASICs in central pain sensing under physiological and/or pathological conditions.
MATERIALS AND METHODS
Isolation of Neurons-The experimental protocols were approved by our Institutional Care and Use of Animals Committee. The dorsal horn neurons were mechanically dissociated from rat spinal cord as described previously (28) . In brief, 2-week-old Wistar rats were sacrificed by decapitation, and a segment of lumbosacral (L4-S2) spinal cord was dissected out. Thereafter, transverse slices at 400 M were sectioned with a vibratome tissue slicer (VT1000S, Leica instruments, Ltd., Wetzlar, Germany) in the incubation solution (see "Solutions and Drugs" for the composition). A vibration-isolation system (29) was then used to mechanically dissociate dorsal horn neurons from the slices. Briefly, a fire-polished glass pipette mounted on a vibrator touched lightly and vibrated horizontally at about 5-10 Hz on the surface of the slices under the control of a * This study was supported by the National Basic Research Program of China (G1999054000), the National Natural Science Foundation of China (30125015, 30321002, 30170247, 30228020), and the Knowledge Innovation Project from the Chinese Academy of Sciences (KSCX 2-SW-217, KSCX 2-2-04) (to T.-L. X.) The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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Cell Culture and Transfection-All constructs were expressed in HEK293T cells. HEK293T cells were cultured at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. The cells were maintained in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 2 mM L-glutamine, 10% fetal bovine serum, and 100 units/ml penicillin/ streptomycin. Transient transfection of HEK293T cells was carried out using the conventional calcium phosphate method. Co-transfection with a green fluorescent protein expression vector, pEGFP, was used to enable identification of transfected cells for patch clamping by monitoring its fluorescence. When more than one of the ASIC subunits were expressed, the multiplasmids were co-tranfected in a 1:1 ratio. Electrophysiological measurements were performed 16 -48 h after transfection. GW1-CMV-ASIC1a and GW1-CMV-ASIC2a were generous gifts from Dr. Jun Xia (The Hong Kong University of Science and Technology, Hong Kong, China). pN1z-ASIC2b was kindly provided by Dr. Philip K. Ahring (NeuroSearch A/S, Ballerup, Denmark For measurement of the permeability of monovalent cations, the internal solution contained (mM) 160 NaCl, 10 EGTA, and 10 HEPES, and the external solution contained (mM) 160 test cation (X), 10 HEPES, and 12 glucose. The relative permeability of Cs ϩ and K ϩ was measured by comparing the reversal potentials when electrodes contained CsCl, KCl, or NaCl with extracellular NaCl in each case. Because of the inhibition of proton-induced currents by external Ca 2ϩ , Ca 2ϩ permeability was measured under low Ca 2ϩ external solution containing (mM) 5 CaCl 2 , 150 NMDG, 10 HEPES, and 12 glucose, and the internal solution contained (mM) 160 NaCl, 5 EGTA, and 10 HEPES. The osmolarity and pH of all these solutions were maintained at 300 -325 milliosmole/liter (Advanced Instrument, Norwood, MA) and 7.2-7.4, respectively.
All drugs were from Sigma (St. Louis, MO). Drugs were applied using a rapid application technique termed the "Y-tube" method throughout the experiments (28) . This system allows a complete exchange of external solution surrounding a neuron within 20 ms.
Electrophysiology-The electrophysiological recordings were performed in the conventional whole-cell patch recording configuration under voltage clamp or current clamp conditions. Patch pipettes were pulled from glass capillaries with an outer diameter of 1.5 mm on a two-stage puller (PP-830, Narishige Co., Ltd., Tokyo, Japan). The resistance between the recording electrode filled with pipette solution and the reference electrode was 4 -6 M⍀. Membrane currents or potentials were measured using a patch clamp amplifier (Axon 200B, Axon Instruments, Foster City, CA) and were sampled and analyzed using a Digidata 1320A interface and a computer with the Clampex and Clampfit software (version 8.0.1, Axon Instruments). In most experiments, 70 -90% series resistance was compensated. Unless otherwise noted, the membrane potential was held at Ϫ50 mV throughout the experiment, under voltage clamp conditions. All the experiments were carried out at room temperature (22-25°C) .
Inflammation Experiments-Right hindpaws of anesthetized Wistar rats (4 -5 weeks old) were inflamed by an injection of 100 l of complete Freund's adjuvant (CFA) (50%). Both hindpaws were tested individually for withdrawal latency by measuring the response to the radiant heat stimulus. In brief, the inflamed animals were placed in individual plexiglass cages and allowed to acclimate to the testing environment for 30 min. Thereafter, radiant heat was turned on and focused on a small region of their hindpaws. When the animals withdrew their paws, stimulation ended. Both treated and untreated paws were tested so that each animal was its own control. The interval between tests of the same paw was at least 5 min. The average of five tests on each paw at each time point represented the withdrawal latency. L4 -L5 spinal cords were removed at 1 h, 1 day, and 3 days after injection. The removed spinal cord was divided laterally into an ipsi-and contralateral half. The latter one was used as the negative control. Vehicle-injected rats were used as controls.
RT-PCR Experiments-The sequences of primers used in this study are listed as follows: P1, 5Ј-ATGGAATTGAAGACCGAGGAGGAG-3Ј; P2, 5Ј-CGCTGCAGGCCTCCCCACGGAAGT-3Ј; P3, 5Ј-ATGGACCTCA-AGGAGAGCCCCAGT-3Ј; P4, 5Ј-GATGCCCACACTCCTGCCCCTTGA-3Ј; P5, 5Ј-ACCGCGCTCAGCGGC-3Ј; P6, 5Ј-GCGGCAGGAAGAGGC-3Ј; P7, 5Ј-ATGCCCATCCAGATCTTTTGTTCT-3Ј; P8, 5Ј-AGAAAGCC-TCTGGGCCAGGAGGAG-3Ј; P9, 5Ј-ATGAAACCTCGCTCCGGACTG-GAG-3Ј; P10, 5Ј-GATCACTGTGAAGTTCTCAGGCCC-3Ј; P11, 5Ј-GAG-GAGGAGGAGGTGGGTGGTGTC-3Ј; P12, 5Ј-CACGGAAGTGGCACG-AGAGCAGCA-3Ј; P13, 5Ј-AGCCCCAGTGAGGGCAGCCTGCAA-3Ј; P14, 5Ј-GCCCCTTGAACTTGCAGTAGAGCA-3Ј; P15, 5Ј-ACCGCGCT-CAGCGGC-3Ј; P16, 5Ј-GCGGCTCGTCGCCCCGCA-3Ј.
Total RNA of spinal cord was extracted using an RNA extraction kit (Promega). One g of total RNA was used as a template for cDNA synthesis and subsequent amplification with the One Step RNA PCR kit (Takara Shuzo, Kyoto, Japan). Primer pairs P1/P2, P3/P4, P5/P6, P7/P8, and P9/P10 were used for amplification of the transcripts of ASIC1a, ASIC2a, ASIC2b, ASIC1b, and ASIC3, respectively. To confirm the transcription of ASICs in dorsal horn neurons, the RT-nested PCR method was applied to amplify ASIC1a, ASIC2a, and ASIC2b, which are implicated to be expressed mainly in the central nervous system (4) . In brief, 20 -30 acutely isolated dorsal horn neurons were suctioned into a suction pipette (the tip diameter is 30 -50 m). Thereafter, the neurons were lysed, and the lysate was then used as a template for the RT-nested PCR. The primary RT-PCR was the same as described under "RT-PCR Experiments." A nested secondary PCR amplification was then performed to amplify the smaller ASIC1a, ASIC2a,and ASIC2b fragments, using the primers of P11/P12, P13/P14, and P15/P16 respectively.
PCR products were analyzed on 1% agarose gels by ethidium bromide staining. The purified PCR products were then subcloned into pGEM-T vector. DNA sequence verification was performed using the ABI Prism (Applied Biosystems, Foster City, CA), automated sequencing method.
Western Blotting-Spinal cord was lysed in lysis buffer (150 mmol/ liter Nacl, 1.0% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 50 mmol/ liter Tris, pH 8.0) supplemented with protease inhibitor mixture (Roche Applied Science). Protein concentration was determined by the BCA-200 protein assay kit (Pierce). The lysates (20 g) were resolved by denaturing 12% SDS-PAGE and then transferred to nitrocellulose membranes. The membranes were probed with primary affinity-purified rabbit polyclonal antibody against ASIC1a, ASIC2a, and ASIC2b (Alpha Diagnostic International, San Antonio, TX) followed by secondary goat anti-rabbit alkaline phosphatase-conjugated antibody (Promega). The blots were then developed with the Western Blue® stabilized substrate for alkaline phosphatase.
Data Analysis-Results were expressed as the mean Ϯ S.E. Statistical comparisons were made with the Student's t test. Analysis of variance (ANOVA) for multiple comparisons was used as noted. In all cases, p Ͻ 0.05 (*) or 0.01 (**) was considered significant as shown in Figs. 2, 6, and 7. The permeability ratio of P X /P Na was calculated from the modified Goldmann-Hodgkin-Katz equation: P X /P Na ϭ exp (⌬V rev F/RT) due to the equimolar cations in external and internal solution, where ⌬V rev is the change in reversal potential when Na ϩ was replaced by the tested cation, F is the Faraday constant, R is the gas constant, and T is the absolute temperature. P Na /P Ca was calculated from:
We consider the effect of NMDG negligible in the equation, as it is nearly impermeable to ASICs.
RESULTS

Electrophysiologial Recordings of ASIC-like Current from
Spinal Cord Dorsal Horn Neurons-ASIC-like currents were found in DRG cells as well as in central neurons (30, 31) ; however, no studies have been reported on spinal dorsal horn neurons. To investigate the ASIC-like currents in acutely dissociated spinal dorsal horn neurons, whole-cell patch clamp recordings were used, and acidic pH-buffered solution was applied. At a holding potential (V H ) of Ϫ50 mV, fast reduction of extracellular pH evoked rapidly desensitizing inward currents with an average decay time constant of 1.18 Ϯ 0.37 s in most neurons (181/200), the amplitude of which increased with decreasing extracellular pH, with the threshold around pH 7.0 -6.8 and a half-maximum activation (pH 50 ) value of pH 6.38 (Fig. 1A) . The average amplitude of pH 6.0-induced currents was 420.5 Ϯ 63.6 pA (n ϭ 15). The currents could be reversibly inhibited by amiloride, a selective antagonist for cloned ASICs (7), in a dose-dependent manner, with the half-maximal inhibition (IC 50 ) value of 16.2 M (Fig. 1B) . Interestingly, in a minority of neurons (19/200 ), the pH 6.0 solution evoked responses with much longer duration (decay time of 4.52 Ϯ 0.69 s, data not shown). Because of the low incidence, we did not include this minority in the present study. Therefore, we only focused on the rapidly decaying proton-evoked current in the following assays.
The reversal potential of the currents, estimated from the current-voltage relationships, was 35.3 Ϯ 2.8 mV (n ϭ 11), which is close to the theoretical Na ϩ equilibrium potential (41.2 mV) calculated with the Nernst equation for the given extra-and intracellular Na ϩ concentrations (150 and 30 mM, respectively). When the extracellular Na ϩ was substituted by NMDG, the amplitude of the current was remarkably inhibited (Fig. 1C) . These results suggest that the proton-induced currents are mainly due to an increase of the Na ϩ conductance. For quantitative estimation of the permeability of the protongated channel for cations, a voltage ramp protocol was applied under bi-ionic conditions (Fig. 1D) . When equimolar Na ϩ was present in both the intracellular and extracellular solutions, the proton-induced currents exhibited a reversal potential close to 0 mV (Ϫ2.0 Ϯ 1.1 mV, n ϭ 5) as expected. Substitution of extracellular Na ϩ with Li ϩ shifted the reversal potential to 9.4 Ϯ 0.9 mV (n ϭ 5), and substitution of intracellular Na ϩ with K ϩ or Cs ϩ shifted the reversal potential to 48.9 Ϯ 6.3 mV (n ϭ 7) and 56.2 Ϯ 9.8 mV (n ϭ 5), respectively. The reversal potential moved to Ϫ73.4 Ϯ 2.5 mV (n ϭ 6) when low Ca 2ϩ external solution was applied. Relative permeability ratios were then calculated (Fig. 1E) (7, 32, 33 ). Thus, we tested the effects of Ca 2ϩ and Zn 2ϩ on the proton-induced currents, which would help us identify the subunit composition of ASICs underlying the current in dorsal horn neurons. As shown in Fig. 2A, pH ] o produced a biphasic modulatory effect on the decay time constant () of the currents (Fig. 2B) All currents were normalized to the peak response induced by pH 6.0 (*). C, inward current of similar amplitude could be triggered in the presence of 300 nM tetrodotoxin (TTX) or Ca 2ϩ -free medium, whereas in Na ϩ -free saline, the inward current was virtually undetectable. D, current (I)-voltage (V) relationships of the proton-induced currents obtained by the voltage ramp protocol (from Ϫ80 to ϩ80 mV in 700 ms) in 5 mM Ca 2ϩ external solution, Na ϩ -rich external solution, Li ϩ -rich external solution, K ϩ -rich internal solution, or Cs ϩ -rich internal solution. E, permeability ratios of P Na /P Li, P Na /P K , P Na /P Cs , and P Na /P Ca were further determined. In this and subsequent figures, the horizontal bars above each current trace indicate the application of the extracellular pH or drugs. Each point or column represents the average of six to eight neurons, and the vertical bars show the mean Ϯ S.E. Holding potential (V H ) was Ϫ50 mV.
found unresponsive to a drop in pH in either homomeric or heteromeric form (11, 12) . As shown in Fig. 3A , ASIC1a, ASIC2a, and ASIC2b were prominent isoforms, whereas ASIC1b and ASIC3 were not detected in the dorsal horn. Further DNA sequencing of the PCR products confirmed their identity as the expected portions of the corresponding genes. Consistent with this result, our Western blotting analysis showed that ASIC1a, ASIC2a, and ASIC2b proteins were expressed at high level in the dorsal horn (Fig. 3B) . To verify directly the ASIC expression in individual dorsal horn neurons, we performed RT-nested PCR using 20 -30 isolated neurons. Abundant expression of the ASIC1a, ASIC2a, and ASIC2b transcripts were detected in these neurons (Fig. 3C) . The ratios of band intensity (normalized to ␤-actin) of ASIC1a to ASIC2a and ASIC2b in Fig. 3 are 1.83 and 1 .67, respectively.
The expression of ASIC1a, ASIC2a, and ASIC2b suggests that the possible ASIC channels responsible for the proton-induced currents are homomeric ASIC1a, ASIC2a, or heteromeric ASIC1a ϩ 2a, ASIC2a ϩ 2b, ASIC1a ϩ 2b, ASIC1a ϩ 2a ϩ 2b. All these cloned channels have been well studied in an in vitro expression system, except ASIC1a ϩ 2b and ASIC1a ϩ 2a ϩ 2b (7, 9, 35, 36). 
FIG. 3. Expression of ASICs in dorsal horn neurons.
A, ASIC1a, ASIC2a, and ASIC2b transcripts were detected, whereas ASIC1b and ASIC3 were undetectable in the dorsal horn of the spinal cord using RT-PCR. B, ASIC1a, ASIC2a, and ASIC2b proteins were detected in the dorsal horn using Western blotting. C, The RT-nested PCR was used to assess ASIC1a, ASIC2a, and ASIC2b expression in a total of 20 -30 acutely dissociated dorsal horn neurons. ␤-actin was used as an internal control. M, marker; lanes 1-5, ASIC1a, ASIC2a, ASIC2b, ASIC1b, and ASIC3, respectively. homomeric ASIC1a or ASIC2a and heteromeric ASIC1a ϩ 2a or ASIC2a ϩ 2b, showing that the present current phenotype (but not the other three) was best matched to homomeric ASIC1a-mediated current. To further assess the possible involvement of ASIC1a ϩ 2b and ASIC1a ϩ 2a ϩ 2b, we studied ASICs transfected in HEK293T cells. Desensitization time constant ( des ) and the ratio of sustained current and peak current (I sus /I peak ) were tested (Fig. 4) . The des of ASIC1a ϩ 2a ϩ 2b channel was significantly slower than that of native channel in dorsal horn neurons (2.00 Ϯ 0.11 versus 1.18 Ϯ 0.37, n ϭ 6 -8, p Ͻ 0.001). However, the values for des of ASIC1a and ASIC1a ϩ 2b were not significantly different from that of the native channel. A sustained current was evident for ASIC1a ϩ 2a ϩ 2b (I sus /I peak ϭ 18.87 Ϯ 0.73%, n ϭ 5) but subtle for ASIC1a ϩ 2b (I sus /I peak ϭ 2.75 Ϯ 0.47%, n ϭ 6), ASIC1a (I sus /I peak ϭ 0.43 Ϯ 0.04%, n ϭ 6), and the native channel (I sus / I peak ϭ 0.80 Ϯ 0.97%, n ϭ 8).
Effect of ASIC-like Current on the Excitability of Dorsal Horn Neurons-Synaptic vesicle contents are acidic (pH 5.6), and a transient drop in extracellular pH is associated with synaptic transmission (37) . We next tested whether endogenous ASICs contribute to physiological functions of dorsal horn neurons in hippocampal neurons as reported previously (31) . Membrane potential variation was examined under the current clamp condition when acidic stimulations were applied to dorsal horn neurons. The resting potential of the dissociated neurons was Ϫ52.5 Ϯ 3.8 mV (n ϭ 15). Typical changes of membrane potential elicited by shifting pH from 7.4 to 6.6, 6.3, and 6.0 were shown in Fig. 5A . Activation of ASIC-like current by pH 6.6 transiently depolarized the neurons, and pH 6.3 induced more depolarization, which accompanied the appearance of a single action potential. When pH 6.0 external solution was applied, the neuron was depolarized to ϳ0 mV with a train of action potentials at the initial transient depolarization. The pH dependence of the action potential triggering is compatible with the pH dependence of ASIC-like current (Fig. 1A) . The depolarization was highly attenuated by the ASIC inhibitor amiloride (100 M). Blocking voltage-gated Na ϩ channel with tetrodotoxin (300 nM), however, had little effect on the depolarization but completely diminished the action potentials induced by the low pH solution (Fig. 5B) . These results indicate that activation of ASIC-like current increases the excitability of dorsal horn neurons.
Inflammation Increases the Expression of Spinal ASICsInflammation increases the activity of peripheral nerves, facilitating the synaptic transmission to dorsal horn neurons. Furthermore, inflammation is associated with activity-dependent long term changes in the spinal cord (38) . In DRG neurons, increased expressions of ASIC subunits have been reported in inflammatory pain (23) . Thus, we were stimulated to study the spinal expression of ASIC subunits following chronic CFAinduced inflammation. A subcutaneous injection of CFA into the hindpaw resulted in an obvious inflammatory response as evident by swelling and redness of the entire paw shortly after injection. Fig. 6A shows changes in the paw withdrawal latency in CFA-treated paws. Compared with that of CFA-untreated paws, paw withdrawal latency of treated paws was significantly reduced at 1 h and lasted the following test time points (1 and 3 days post-injection). ASIC expression levels were examined by Western blotting analysis made from control (vehicle injected), contralateral (uninflamed), and ipsilateral (inflamed) spinal cord at 1 h, 1 day, and 3 days. As shown in Fig.  6 , B and C, there was a significant increase in intensity of ASIC1a and ASIC2a proteins in ipsilateral compared with contralateral cords or control groups in 1 and 3 days after inflammation. No significant difference was observed for ASIC1a and ASIC2a expression between contralateral cord and control. The expression of ASIC2b showed no significant increase in both ipsilateral and contralateral cords compared with control. Semi-quantitative RT-PCR was then used to confirm the results. Consistent with the Western blotting results, RT-PCR analysis indicated that CFA-induced inflammation increased the mRNAs of both ASIC1a and ASIC2a in ipsilateral cords in 1 and 3 days after inflammation (Fig. 7, A and B) . DISCUSSION Our results demonstrate that homomeric ASIC1a and/or heteromeric ASIC1a ϩ 2b channels are responsible for the protoninduced currents in the majority of dorsal horn neurons. The identification of the channel subtypes on different populations of neurons is essential to understanding their functional implications and to develop pharmacological strategies able to interfere selectively with specific neuronal functions. More importantly, the up-regulation of ASIC1a and ASIC2a expression by peripheral inflammation suggests the physiological involvement of ASICs in central pain sensing under physiological and/or pathological conditions.
Identification of ASICs in Spinal Dorsal
Horn NeuronsUsing sensitive RT-PCR technique, we were unable to detect ASIC1b and ASIC3 transcripts in the rat spinal dorsal horn. This result is consistent with previous reports that ASIC1b and ASIC3 are exclusively expressed in sensory ganglia (8, 10) . Thus, the existence of the homomers of ASIC1b and ASIC3, as well as the heteromers of ASIC1a ϩ 3, ASIC2a ϩ 3, and ASIC2b ϩ 3, in rat dorsal horn neurons could be immediately excluded. Our electrophysiological data showed that the proton-induced currents in dorsal horn neurons inactivated rapidly with the decay time of 1.18 Ϯ 0.37 s, was sensitive to amiloride (IC 50 ϭ 16.2 M), and had a threshold of pH 7.0 -6.8 with the pH 50 of pH 6.38. The ion selectivity of the currents was P Na Ͼ P Li Ͼ P Ca Ͼ P K Ͼ P Cs . The peak amplitude of the currents was inhibited by the extracellular Ca 2ϩ but not by Zn 2ϩ . All these results collectively point to homomeric ASIC1a mediating the proton-induced currents in the present preparation. The following evidence further supports this assumption. First, the present proton-induced currents (native channels) and in vitro-expressed homomeric ASIC1a have similar thresholds for opening at about pH 6.9 and are hypersensitive to extracellular proton (pH 50 ϭ ϳ6.1) (7), whereas the homomeric ASIC2a or heteromers of ASIC1a ϩ 2a and ASIC2a ϩ 2b channels are less sensitive to the drops in the extracellular pH (Table I) (9, 35, 36) . Second, the ion selectivity of the currents in the present preparation is similar to that of cloned ASIC1a reported by Waldmann et al. (7) but differs from that of either ASIC2a homomers or heteromeric ASIC1a ϩ 2a channels (Table I) (35, 36) . Particularly, our data showed that native channels were Ca 2ϩ -permeable (Fig. 1E) . Consistent with this result, a recent report using Ca 2ϩ imaging demonstrates that activation of neuronal ASIC1a (but not ASIC2a or ASIC1a ϩ 2a) channels increases the cytosolic Ca 2ϩ concentration, indicating the rel- heteromers of ASIC1a ϩ 2a are less sensitive to the inhibition of high [Ca 2ϩ ] o in transfected COS cells (33) , and they can be potentiated by [Zn 2ϩ ] o (32) . However, homomeric ASIC1a channels expressed in Xenopus oocyte could be inhibited by high [Ca 2ϩ ] o (7) but not by [Zn 2ϩ ] o (32) , and similar results were observed for the proton-induced currents in the present preparation. Finally, the slow desensitization and the sustained current of the ASIC1a ϩ 2a ϩ 2b current exclude its involvement in native channel complex mediating the proton-induced current in spinal dorsal horn neurons. Interestingly, our results showed that ASIC1a ϩ 2b had similar properties to those of homomeric ASIC1a, as well as native channels, suggesting the existence of functional ASIC1a ϩ 2b channel complex (9, 40, 41) . In conclusion, a reasonable explanation would be that homomeric ASIC1a and/or heteromeric ASIC1a ϩ 2b channels mediate the proton-gated currents described herein. Electrophysiological analysis of hippocampal neurons from ASIC1 knock-out mice have identified a strict requirement for ASIC1a for proton-gated current in hippocampus (20) . The expression of homomeric ASIC1a was also suggested in cerebellar granule cells (42) .
Although our data show that an ASIC-like current appears to be the main ASIC current of spinal dorsal horn neurons, we could not completely excluded the possible involvement of ASIC2a and ASIC2b for the following reasons. First, ASIC2a and ASIC2b isoforms were detected in spinal dorsal horn neurons. Second, the slowly decaying ASIC current was expressed in a minority of recorded neurons (19/200) . Third, some published data have suggested the existence of functional ASIC1a ϩ 2a in central neurons (31, 43) . Finally, one would expect even more complexity of native ASIC channels given that the intersubunit regulation of ASICs has been reported. For example, ASIC2a affects the kinetics of ASIC1a (35, 40) , whereas ASIC2b reduces ASIC2a-mediated current (40) . Nevertheless, the present results suggest that ASIC1a is the predominant ASIC subtype expressed in the majority of spinal dorsal horn neurons.
Functional Implications in Spinal Synaptic Function-Repetitive stimulation of the dorsal root evoked transient acidification in the dorsal horn by 0.25 pH units (44) . The localized changes in synaptic cleft might be more pronounced because of the limited spatial and temporal resolution of pH microelectrodes in the measurement (37) . Thus, ASICs of dorsal horn neurons might detect acidification associated with synaptic activity (20, 44) .
A previous study has suggested an interaction between ASIC1a and NMDA receptors in the processing of learning and memory in hippocampal neurons (20) . Interestingly, the development of spinal hyperexcitability and persistent pain also involves activation of NMDA receptors (45) . Because there is a dramatic increase in primary afferent input after persistent noxious stimulation, synaptic activation of spinal NMDA receptors is also increased (46) . We hypothesized that ASIC-like currents play an important role in spinal synaptic function under physiological and/or pathological conditions. In support of this hypothesis, we showed that activation of ASIC-like currents increased membrane depolarization of spinal dorsal horn neurons in an extracellular pH-dependent manner, which is expected to be sufficient to facilitate the release of NMDA receptor Mg 2ϩ block. Physiological/Pathological Significance-Our results provide strong evidence that ASICs serve as an important role in spinal second order sensory neurons. Injury that often causes persistent pain increases ASIC1a expression in periphery nociceptors (23) and may increase DRG neuron excitability (24) . It is well known that increases in neuronal activity in response to inflammation lead to changes in gene expression in both peripheral and central nervous system, which appears to contribute to the hyperalgesia and allodynia in persistent pain (47, 48) . It is, therefore, conceivable that the up-regulation of ASICs may be due to the activity-dependent expression during inflammation. Indeed, it has been demonstrated that the transcriptional activity of the ASIC3-encoding gene in DRG was enhanced by the proinflammatory mediators, such as nerve growth factor and serotonin (24) . Interestingly, our results showed that periphery inflammation increased both ASIC1a and ASIC2a (but not ASIC2b) expression in spinal dorsal horn. As ASIC2a and ASIC2b are the splice variants, the different changes in expression of the two subunits may result from the regulation of splice site choices. Although further experiments are needed to elucidate the detailed mechanisms for this difference, we have found that the increased ASICs would lead to excitatory effects on the synaptic activity and hyperexcitability of spinal dorsal horn neurons, which may be related to behavioral hyperalgesia and allodynia. Accordingly, inflammatory pain could be the consequence of a combination of transcriptional changes in nociceptors and in dorsal horn neurons (47, 48) . Future experiments with ASIC gene knock-out mice (20) and the selective ASIC receptor antagonist (42) will provide more insight into the roles of ASICs in spinal synaptic physiology and central pain sensation.
